The fundamentals of the theory of consolidation and thermoelasticity are recast into the formulation of a phenomenon called thermohydroelasticity. Subsequently, a variational principle and Galerkin formulation are combined with the finite element method to develop a new technique to investigate coupled thermal-hydraulic-mechanical behavior of liquid-saturated, fractured porous rocks. A code-to-code verification of the method is performed. Finally, the environment of a heater emplaced in hard rock is simulated. The effects of the coupled thermal stresses in the fractured rock are evident from the dramatic reduction of permeability due to the deformation of the fractures. These results can improve the understanding of observations and displacement measurements made in the in situ experiments at the Stripa mine in Sweden.
INTRODUCTION
The presence of heat in a liquid-saturated geologic medium brings about a chain of events that is caused by what are referred to as coupled thermal-hydraulic-mechanical phenomena. The interdependence of each of these three phenomena leads to a coupled behavior that is very complex. However, recent progress in coupled analyses among pairs of these three phenomena provides a basis for treating all three phenomena in a fully coupled manner. In this paper, we first review the developments for coupled hydromechanical, hydrothermal, and thermomechanical processes and then present the fully coupled problem.
Hydraulic behavior of saturated porous media has been studied for a long time, and excellent reviews can be found in recent publications [Weeks, 1977; Freeze and Cherry, 1979] . In the usual treatment of fluid flow in porous media, deformation of the medium is considered by introducing a coefficient of specific storage [Theis, 1938] . This approach, although by no means precise, is adequate to represent most fluid flow problems. However, the well-known theory of consolidation, introduced by Terzaghi [1925] , which is mainly used for settlement analysis, was the first rigorous means of analyzing the effects of deformability on flow of fluid in a medium. Terzaghi introduced the concept of effective stress and accounted for the coupling of fluid flow and deformation of the solids. Biot 1-1941] introduced a more general theory of consolidation that makes possible a more realistic treatment of the hydromechanical behavior of saturated porous rocks. The early work of Blot [1941-1 appeared to be physically motivated but was later supplemented by a thermodynamic base [Biot, 1956] .
The theories of mixtures [e.g., Green and Naghdi, 1965; Crochet and Naghdi, 1966; Aifantis, 1977 ] have a sound thermodynamic base and a general associated constitutive theory. They provide a basis for developing, as a special case, a theory for flow of fluids through porous elastic solids that is equivalent to Biot's result. Unlike soils (porous media), which exhibit the dramatic settlement behavior that motivated the development of consolidation theories, fractures and the effects of their deformation went unnoticed until recently. Davis and Moore [1965] presented one of the first direct measurements of fracture deformation (of the order of microns) caused by earth tides. Snow [1968] reported strains of 10 -? to 10 -8 at a distance of about 300 ft (91.4 m) from a water well in metamorphic rocks subjected to 30 ft (9.14 m) of drawdown. More indirect evidence of fracture deformation has accumulated from (1) the difference between pumping into and pumping out of a well [Evans, 1966] Study of thermal effects on linear and nonlinear elastic materials, known as thermoelasticity, is a discipline that has been thoroughly covered in physics and engineering and need not be considered here. As far as rock mechanics usage is concerned, thermoelasticity lies mostly within the confines of continuum applications. An account of the status and needs of the thermomechanical modeling techniques for continuous and discontinuous media is given by Hocking [1979] . More recent reports [Baca, 1980; Tsang, 1980] indicate that some models being developed either have provisions for incorporating fractures in them or actually have the capability for deterministically modeling discontinuous media.
The studies cited above have each focused on only two aspects of a much broader question that needs investigation. This is the fully coupled problem of how to analyze the behavior of a fractured rock mass that is subject to the effects of thermal, hydraulic, and mechanical perturbations. We shall refer to the combined effects as thermohydroelasticity. 
A, B, C represent parts of the boundary for stressdisplacement, pressure-fluid flow, and temperature-heat flux considerations. The quantity V represents the volume under consideration. As mentioned earlier, the dependent variables U, P, and T represent incremental deviations from strain-free state assumed by the above choice of initial conditions. Consideration of a different set of values for the initial conditions will necessitate replacement of U, P, and T by (U-Uo), (P -Po), and (T-To) in the developed equations. Moreover, x has to be replaced by (x-To). In application, however, the displacement initial condition is seldom included, but this practice does not affect the results of the analysis.
SOLUTION APPROACH
The degree of complexity of the thermohydroelasticity equations leaves little possibility for developing analytic solutions for even simple initial and boundary value problems. However, numerical solutions to the most general initial and boundary value problems can rather easily be found. Various numerical schemes, such as finite element and finite difference methods, can be utilized. In this work the finite element technique is used. A mixed variational and Galerkin finite element method forms the basis of this approach.
Variational Formulation
The variational method is used to formulate the hydroelastic part of the thermohydroelastic phenomena. Two different schemes of time integration are used to integrate the matrix equations (29), (30), and (31). A predictorcorrector scheme [Taylor, 1974] is used for the integration of the first two implicitly coupled equations [Ayatollahi, 1978] . For the energy equation the Crank-Nicolson step-by-step procedure is used, where the solution of each step is sought in the middle of the interval. The solution technique for both symmetric and nonsymmetric matrices, finalized in the above procedures, is the LU decomposition Gaussian method.
Let R = {U
The coupling of (31) and (30) properly handled. It is important to notice that the total system matrix is nonsymmetric and of much larger order; therefore, in the one-step solution approach some computer solution efficiency is lost in comparison with the interlacing solution scheme. However, at the expense of increased solution time, the required computer storage might be reduced by the use of schemes [Hsu and Nickell, 1974 ] that make the system matrix symmetric.
In the above development the medium was assumed to behave linearly with respect to all physical properties under consideration. However, at this point the stage is set for the introduction of material nonlinearities to the numerical approach presented here. At present, the nonlinearities considered in this work are limited to those brought about by the introduction of fractures in the problem domain and those originating from the thermal dependency of physical properties. FollOwing the common practice [Zienkiewicz, 1976] MT"
